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WHY FOUR HIGGS DOUBLETS?

= Indications for new Higgs bosons at the LHC (local significance ~3a) (see [siekstter et al, 2021] )
= Resonances at around 400 GeV:
= A->tt [CMS, 2019]
LIRS A o [ATLAS, 2020]
= Resonances at around 96 GeV:
" pp > P -oYyy [CMsS, 2018]

= ete™ — Z¢ — bb [iep,2003]
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Why four Higgs doublets?

= (N)MSSM does not offer enough flexibility in the couplings to fit all excesses
simultaneously due to the type Il like Yukawa structure [Biekstter et al, 2021]

= Qur goal: building a SUSY model with “private® Yukawa couplings
= Each type of matter couples to its “own“ doublet

= Minimal doublet extension adds two doublets (with opposite hypercharge) to
preserve anomaly-cancellation

= Can this model fit all excesses?
= Today: only first steps towards the SUSY model
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HIGGS SECTOR OF THE SUPERSYMMETRIC 4HDM

= Adding two Higgs superfields (H,,, Hy,) with the same charges under SU(2),xU(1)y as
the MSSM superfields.

= Superpotential:
W =Wy + pii Hu Hay + proHui Hao + pot Hus Hay + poo Hug Hyo

= Scalar part of superfields:

H, HY.
Oy = v By =% (i=1,2).
Huz’ Hd'

H,S = L (vk + hy + iag) k € {ul,u2,dl,d2}.

V2

" 2
B vt Hamburg v? = "’31 + "’32 + ”31 + ”32 = (246 GeV)



HIGGS POTENTIAL [Gupta and Wells, 2009]

2 2
=1

=

1
+ ((Nﬁﬂzl + piah2) (HSIHO H+*H+) CaCi ) + ( (W11 k12 + Py pi22) (Hnggz + Hd—l*Hd—z) + C-C-)

2 9 9 2
SN by (HEH; HOng)Jrc.c) +7 ;gl (Z (|Hfgi|2+|HqZ2_|H¢(i)i|2_|Hdi|2)>
=1 =1
2 2 2 2 2
(s ') - 33 (1t - ) (s - ) ).

L7 (
2
=1 j=1

= 12 (real) parameters in the potential + 3 angles from the vev parametrisation

2

+

=1

<.

~.
I N
L

vsin g v cos 8
Uy1 = Va1 =
V1 + tan2 w V1 + tan?w
v sin o tan w vcosatanw

Uu2 = Vd2 =
— V1+tan?w V1 + tan?w
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HIGGS POTENTIAL

2 2
V=7 (ar + Il + ) (JHS + [HE) + 3 (il + laail® + m3) (|HG + | Ha])

1= =1

1
+ ((NIL‘QI + piah2) (HuIHO H+*H+) c.c.) + ( (W11 k12 + Py pi22) (Hnggz + Hﬁ*HJz) + C-C-)

)
2
2 12
by; (HEHy — HLHY) —I—c.c) +B J;g (; (185" + |5 - | Hg)" - |H£|2)>
9 [ 2 2 2
ey (Z (It e bal’) - 325 (1" - V) (1Al - |de|2)>.

i=1 1 j=1

= 12 (real) parameters in the potential + 3 angles from the vev parametrisation

vsin g v cos 8
Uy1 = Va1 =
V1 + tan2 w V1 + tan?w
v sin o tan w vcosatanw

Uu2 = Vd2 =
— 1+ tan®w 1 + tan®w
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MINIMIZING THE POTENTIAL: THE TADPOLE EQUATIONS

ov Vd1 Vd2 Uu2 m2 2 2
| 20 — 0=by-2 fbp-2 + A v2 — =
5 H,? n T o Z di My — K11 — Mo
k € {ul,u2,d1,d2} v v ()
0= byg—2 4 by~ — p1, 2 +)\Z v — My — U3 — M3
Vu2 Vu2
Mo = H11M21 + K122
v ) Vg
0= by~ + by —= —/Jd—Q—)\Z (vg — — Mg — Hiy — Ha
Va1 Vd1 Hq = H11f12 + H21fio2
Vy2 Vy1 Vd1 2 2 g’ +g
0=byy— +bp— — d— - v2 —m?2 — - < I
22,0 T 12, H Z di — d2 = H11 — Hao A 3

= Tadpole equations are easily solvable for soft-breaking mass terms
= But: we lose control over leading contributions to the mass matrix diagonal elements
= No viable analytical solution for other parameters

= Eliminate 4 parameters with 4 equations:
= 15 —4 = 11 free parameters in the Higgs sector
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MINIMIZING THE POTENTIAL: THE TADPOLE EQUATIONS

oV Vd1 Vd2 Uuz m2 2 2
2 L0 — 0=b 2 + big— —I— A V2 — — -
5 H,? R 012 Z di My — M1 — Moo
k € {ul,u2,d1,d2} v v ()
0= byy—2 4 by~ — pr, 2 +)\Z Vg — Miy — P31 — K3
Vw2 Vu2
My = M11fo1 + H12fb22
v v Vg
0= buil-l-bzlﬂ _'ud_z_)\z Udz mdl ﬂ%l_:u’§2
Va1 Vd1 Hq = H11f12 + H21fio2
V2 Uul Vd1 2 2 9°+g
0=byy— +bp— — d— - v2 —m?2 — - < I
22,0 T 12, H Z di — d2 = H11 — Hao A 3

= Tadpole equations are easily solvable for soft-breaking mass terms
= But: we lose control over leading contributions to the mass matrix diagonal elements
= No viable analytical solution for other parameters

= Eliminate 4 parameters with 4 equations:
= 15 —4 = 11 free parameters in the Higgs sector
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MASS MATRIX FOR CP-EVEN HIGGS

M%I,ll —b11 — 2 \Vq1Vu1 pd + 2AV51042 —b%l — 2A\U41 V2
sy OV g —b11 — 2Av41vu M3 2 —b12 — 2M\VoUu1 oy + 2AV41 Vg2
M) = Ghan Mi = 2
KT pd + 2Ava1vge —biz — 2Avu1 042 M 33 —baa — 2AV42vu2
—bo1 — 2 0g1Vu2  fu + 2AU1 002 —baa — 242040 M
with f = fi1fior + paofh
2, Vu Vuzg  Vap 9 uw = MH11M21 + Hiz2fi22
MH,11 =bn Va1 + b21 Va1 Hd Vg1 + 2)‘Ud1 Hd = K112 + K21 22
2 Ud1 Vd2 Vu2 2 2 2
Moo =b11— + bio— — fy—— + 2Xvg, 1= g tg-
Vu1 Vu1 Vu1 8
Uu2 Uul Ud1
M3 33 = boa—= + bio—= — pg—— + 23,
Uq2 Udq2 Uq2
Ud2 Ud1 Uul
./\/l%{,44 = boy—— + by —— — pu—— + 202,
V2 Vu2 ()
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Diagonalizing the mass matrices

. . 2HY, —
= Rotate into mass basis as usual V2Ha — v
9:{ \/§H21 — VUl

n v H ¢

Mass matrix: real and symmetric No):
—> REAME ¢ SO(4) V2H, — v
. 6 mixing angles each V2HD, — vay
= Obtain masses via orthogonal transformation 4 V2H), — vy

o\ 7T 0 ) 0 _
(RH ) MER™ = diag (m,, my,, my, ,my;,) V2Hj — vay
\/§H32 — Uy2

T
(RAO) MiRAO = diag (0, m%,,m%,,m%,)
T
(RHi) M%Ii'RHi = diag (O,mzf,qu;,mz?)

= 13 physical Higgs bosons
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UPPER BOUND FOR THE LIGHTEST HIGGS MASS

Upper limit for My, for tana =0

o0

At tree level:

tree

mp® < Mz|cos® wcos 28 + sin’ w cos 2a

tan w

Figure 1:

Upper bound for lightest
Higgs mass as function of
tan f and tan w
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YUKAWA STRUCTURE OF THE 4HDSSM
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HIGGS-FERMION COUPLINGS IN THE PRIVATE TYPE AHDSSM

Let WYuk — _'&Yu Q-Hul —d Yd QHdl - éYe LHd2 [Arroyo-Urena et al, 2019]

Calculate Higgs-fermion interactions (e. g. with SARAH [staub et al, 2019] )

: : : 9¢:5
= Define the effective coupling: ¢, s = | ——
o.f f _
9Hsu f
) ¢
R?& R _ R
Cobb = | A Co.7t = | S m Cortr =|—————
i cos 3 cosw i sin B cos w cos a sinw

R? : respective Higgs mixing matrix

= can be calculated numerically
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HIGGS-FERMION COUPLINGS IN A PRIVATE TYPE 4HDSSM vs MSSM

= |let WYuk — _'&'YuQHul - deQHdl - é)’eLIJ-d2 [Arroyo-Urena et al, 2019]

= Calculate Higgs-fermion interactions (e. g. with SARAH [staub et al, 2019] )

. : . 94,1 1
= Define the effective coupling: ¢, 7y = |——
9Hsu f f
¢ ¢
| Ry oo Ba S .
c¢zbb - COS,BCOSCU P;tt Sinﬁcosw ST COS & sin w
(Rhss) (o) (R
MssM _| \ VSSM gy MssM _ |\ 5SM iy Mssm _ |\ SSM /4
¢:0b cos 3 ¢:tt | sinf 2O cos 3
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HIGGS-FERMION COUPLINGS IN A PRIVATE TYPE 4HDSSM

bb — ¢; — ff
= For future work: full analysis of the production processes 3
y P P 99 = i = ff
= Requirements for mg ~ 400 GeV [siekstter et al, 2021]
a(bb — ¢) > o(gg — ¢) —> leas| > lew| . B R},
kb | A, | ChTtT = :
Sizable BR(¢ — T+T_) s egren | > |c¢tt_' cos 3 cos w ¢ cosasinw
__ R,
= Detailed analysis requires e. g. Monte Carlo Scan 4t sinBeosw

= Effective Yukawa couplings in the 4HDSSM offer more flexibility due to dependence on
additional angles
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SPECTRUM
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How to find a parameter point (in four easy steps) (1)

Implement 4HDSSM in SARAH [staub et al, 2019]

2. Implement 4HDSSM in FlexibleSUSY [athron

et al, 2017]

3. Use CMSSM-like boundary conditions in
the SUSY-sector but the full parameter
space in the Higgs sector

4. Play around with parameters to find
useful ranges & define exclusion limits
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Parameter Point B Parameter range

mo 321.21 GeV 100 GeV to 5000 GeV

mi /2 2461.05 GeV 100 GeV to 5000 GeV
Ay —3361.24 GeV —5000 GeV to 5000 GeV
11 211.19 GeV 50 GeV to 500 GeV
12 0.017 GeV —100 GeV to 100 GeV
Lho1 —0.955 GeV —100 GeV to 100 GeV
422 247.28 GeV 50 GeV to 500 GeV
b11 9.71 x 105GeV? | 1 x 10*GeV? to 1.5 x 108 GeV?
b1o 2.10 x 10* GeV? 1GeV? to 1 x 108 GeV?
bay 9.04 x 103 GeV?2 1GeV?2 to 1 x 10% GeV?
bao 9.91 x 105GeV? | 1 x 10*GeV? to 1 x 10° GeV?

tan 8 40.702 10 to 50

tan « 0.399 0.05 to 2

tanw 0.124 0.05 to 5
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How to find a parameter point (in four easy steps) (2)

= Exclusion limits:

= Potential bounded from below

Perturbativity

Sparticle searches

125-GeV Higgs

400 GeV pseudoscalar

sparticle

lower limit

220 GeV
220 GeV
220 GeV
220 GeV
1200 GeV
1200 GeV
2000 GeV

= LHC limits

[Particle Data Group]
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Higgs and Sparticle Spectrum

10

SPECTRUM OF THE
4HDSSM

Figure 2:

Spectrum of the
4HDSSM, calculated
with FlexibleSUSY 2.7

[Athron et al, 2017]

Hy A4 _HY
g
+ .
Hs As Hj - i, Is o
X6 X3 T
I I3
h
+
Ho Ao H;
eI X5
—g <0 — T
Xi X2 X1
H,
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RUNNING OF THE GAUGE COUPLINGS

Running 1- and 2-loop gauge couplings in the 4HDSSM

1.1

Fig 3: Running of the gauge
couplings in the 4HDSSM at o4

1and 2 loop-level calculated
with FlexibleSUSY 2.7 [Athronet o5

al, 2017]
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Conclusion & Outlook

= SUSY 4HDM offers new flexibility in fermion couplings compared to MSSM

= Future work:

i R}
= Build future linear collider and find more Higgs 4t = [cos Beosw| 4 = [osausinw
= Could be a promising candidate to explain excesses Cott = = ﬂﬂ
* S1n O COoS W

Implement Monte Carlo Markov Chain to investigate the parameter space
in detail

Calculate production cross sections
Analyse the Higgs sector in HiggsTools [gahl et al, 2022]

Add a singlet and investigate the 96 GeV excesses
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THE END
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Conclusion & Outlook

= SUSY 4HDM offers new flexibility in fermion couplings compared to MSSM

= Future work:

i R}
= Build future linear collider and find more Higgs 4t = [cos Beosw| 4 = [osausinw
= Could be a promising candidate to explain excesses Cott = = ﬂﬂ
* S1n O COoS W

Implement Monte Carlo Markov Chain to investigate the parameter space
in detail

Calculate production cross sections
Analyse the Higgs sector in HiggsTools [gahl et al, 2022]

Add a singlet and investigate the 96 GeV excesses
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APPENDIX A: UPPER BOUND FOR THE LIGHTEST HIGGS N\ASS

Fig B1: Upper limit
for the lightest Higgs
mass for different
tan a
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APPENDIX B: MASS MATRIX FOR CP-0DD HIGGS

2
Man b
2 2
2 8 V R 2 bll MA,22
(MA)kl = darda > My =
kUQ Hd b2
ba1 My
. v v U
2 ul u2 d2
with M =bu—+ba— — pra—
Va1 Va1 Va1
v v v
2 d1 d2 u2
Moo =bi1— +biz— — p—
Vul Vul Vul
1) U v
2 u2 ul dl
MA,33 = b22— + b12— — Ud—
Va2 Va2 Va2
v v v
9 d2 d1 ul
MA,44 = b22— + bzl— — Mu—
V2 Vu2 Vu2
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Kd
b12

2
M3
b22

ba1 \

o

b22

M?cx,44 )

Moy = P11fh21 + H12f422
Bd = 1112 + H21f422

_gtyg”
-8

A
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APPENDIX C: MASS MATRIX FOR CHARGED HIGGS

2 2 2
(vul T Vyo — Ugo Vd1Vu1 Vd1Uq2 Vd1Vyu2 \
2 Vg1V V2, + v, —v? Vo Vg1V
2 42 , 9 d1Vul dl d2 u2 d2Vu1 ulUy2
Mie = Ma+ s 2
Vd1V42 Vd2Uuy1 Vi1 T Vo — Vg Vd2Uu2
2 2 2
\ Vd1Vuy2 Vu1Vu2 Vd2Uy2 Vg1 + Ve — Uy )
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APPENDIX D: BRUTE FORCE ANSATZ FOR DIAGONALIZATION

M2 in general hermitian, here: real and symmetric

Can be diagonalized with an 4x4 orthogonal matrix R:

diag(mf,, mf,, mf,, mf, ) = RTM?R
0 0 0
1 0 0
0 cos? —sin?
0

sin? cos?

Parametrize R as [pita 2001]:
R = J34(91) J2,3(01)]1,2(1)]3,4(92)]2,3(92)]34(F3) with J54(F) =

6 different mixing angles

o O O =

L2 Universitat Hamburg
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Appendix E

S

qg — ¢ bb — ¢

To compensate y, » y, = Cypp > Cope to obtain o(bb — ¢) > o(gg — ¢)
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APPENDIX F: PARAMETER EVOLUTION IN THE CMSSM

2-loop Running of the Soft-breaking Masses in the cMSSM

Figure F1:

Running soft-breaking
parameters in the
cMSSM
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APPENDIX G: BOUNDNESS FROM BELOW IN DETAIL

Pure SUSY: Bounded from below by design, but we include soft-breaking!

Potential is bfb if the leading (quartic) terms are positive for arbitrary field values

012
Hy;

2
V= (lual® + lpal® +m2) |Ho "+ (Il + lpail® + m3)
=1 =1

2
1=

+ ((M11M21 + pazpiaz) Hoy H)y + (paipinz + pa1pias) Hos HY + C-C-)

(S ) o)« 58 (S5 (- ) )

i=1 j=1

Consider D-flat direction of potential: |Hyi1| = |Hu2| = |Ha1| = |Hao|

The quartic terms vanish in this direction, behaviour is determined by the quadratic terms
2

2 2 2 2
. e 1
The quadratic terms are positive if E E bi; < E E pa; + (a1 + pa2) (B2 + par) + 5 E (m2; + m%)

i=1 j=1 i=1 j=1 =1
i
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APPENDIX H: Ay AND THE HIGGS MASS

Influence of Ay on the 1-loop Higgs mass

Fig. H1:
Influence of 4, on the 1-loop

Higgs mass
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APPENDIX |: BOUNDARY CONDITIONS

N vsin 8 S v cos 8
= Lowscale: Qo = My “ V1 +tan?w " V1 + tan?w
* |nput: {tan B, tan a, tan w} > - vsin o tan w o — v cos a tan w
“ V1 +tan?w - V1 +tan?w
= SUSYscale: Qsysy = /mgmg:
= Input:{u11, a2, H21, U2, b11, 12, Doy, by}
u ngh scale: QGUT = Q(gl = 92)
> 7; = AOyu, 7:1 - AOyda 7:3 - AOyea

= |nput:{m0,m1/2,A0}
M1 M2 M3 ml/z.
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Higgs and Sparticle Spectrum

APPENDIX J:
SPECTRUM
INSIGHTS

Figure J1:

Spectrum of the
4HDSSM, calculated
with FlexibleSUSY 2.7

[Athron et al, 2017]

04 ot o( 2bq4 )
S —*— Tlsin 2B i
/ (sin 2a ) 0(M,)
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